ABSTRACT Double-mode RR Lyr type stars are important for studies of properties of horizontal-branch stars. In particular, two periods coupled with spectral properties give a mass estimate that is independent of evolutionary models. Here, we present 59 new Galactic double-mode RR Lyr stars found in the LINEAR survey data with the fundamental radial mode and the first overtone exited (RRd stars).
Introduction
The main parameter governing stellar evolution is mass; however, mass is hard to measure, as only a small portion of stars are members of eclipsing binaries for which mass may be measured directly. This especially affects horizontal-branch stars because their radii were much larger during previous phases of stellar evolution and the chance of observing an eclipse is smaller. Therefore, indirect methods must be used to estimate masses of horizontal branch stars. One of such methods is based on properties of double-mode RR Lyr stars. RR Lyr type stars typically pulsate in fundamental mode (henceforth F; subtype RRab). The first-overtone pulsations (1O; subtype RRc) are less frequent. Here, we focus on subtype RRd stars that pulsate simultaneously in both modes (F/1O) with period ratio of ≈ 0.745. In some stars, the second overtone mode (2O; subtype RRe) is observed, but for monoperiodic stars, we are not able to distinguish between RRc and RRe type stars.
We can statistically distinguish the two types, as RRe stars should have shorter periods and lower amplitudes (Alcock et al. 1996) , but see discussion in Clement & Rowe (2000) .
Second-overtone pulsations are also found in double-mode objects (e.g. Poretti et al. 2010) with F/2O period ratios of ≈ 0.59. Around a dozen or so such objects are known. Properties of double-mode radial pulsators are investigated on the so-called Petersen diagram, which presents period ratio versus longer period.
Periods of double-mode stars coupled with spectroscopic properties give mass estimates (Popielski et al. 2000; Bragaglia et al. 2001) . Until now, there have not been enough Galactic field stars with mass measured this way to allow statistical studies, most importantly deriving mass-metallicity relation for the horizontal-branch stars. In order to facilitate this, we performed a search for double-mode RR Lyr stars in the publicly available dataset of the Lincoln Near-Earth Asteroid Research (LINEAR) survey data (Palaversa et al. 2013) . Our search revealed 59 new field RRd stars, more than doubling the -4 -number of objects of this type * . This search is described in next section. The reliability of the Large Magellanic Cloud (LMC) RRd stars found in the second phase of the Expérience pour la Recherche d'Objets Sombres (EROS-II) project data is verified in Section 3. We also comment on the claimed F/2O pulsators found in the literature (Sec. 4.). The results are discussed in Section 5. In the appendices, we present comments on other LINEAR and EROS-II variable stars of other types.
Double mode RR Lyr stars in LINEAR data
The LINEAR survey operated between 1998 and 2009 using two 1 m telescopes. Each of the mosaic cameras had a 2 deg 2 field of view with a 2.25 ′′ pixel scale. Observations were collected without a filter and sometimes in nonphotometric conditions. The details of the instrumentation and the observing strategy can be found in Sesar et al. (2011) . On average 250 epochs were collected per field, and the number rises to 500 for targets close to the Ecliptic plane. Such a dataset is suitable for a search for periodic variable stars. The catalog of such objects was presented by Palaversa et al. (2013) . It includes more than 7000 stars, most of which are RR Lyr pulsators. There are 2923 RRab and 990 RRc stars.
We performed the search for other radial modes in RR Lyr type stars. The light curves of RR Lyr stars were 3σ clipped in order to remove obvious outliers (most probably caused * After this paper was submitted, Drake et al. (2014) claimed the discovery of 502 field RRd candidates. The reliability of this sample needs to be verified, as we do below with the EROS-II candidates, because they are claimed based on detection of a single period only. A significant number of the Drake et al. (2014) candidates have a dominant period beyond the range typically observed for RRd stars i.e., from 0.34 d to 0.43 d. Thus, we suspect false positives to be present in this sample.
-5 -by the nonphotometric conditions for some epochs). The periodograms were calculated using a discrete Fourier transform. Because of the strong daily aliases, up to the four highest peaks for each star were considered for further analysis if their amplitudes were larger than 95% of the highest peak. The photometry was phased with each trial period;
up to the fourth-order Fourier polynomial was subtracted from RRc star light curves, and up to the eighth-order for RRab stars. Then, the periodograms were calculated for the prewhitened light curves, and once more up to the four highest peaks were considered.
The additional constrain was that the selected period could not be a daily alias of the previously found period. For each star, we checked which combination of periods gave smallest χ 2 of the residuals. For 47 stars, the period ratio was similar to the ones found in other RRd stars. An additional 13 stars were selected among the stars for which a period ratio of ≈ 0.745 resulted in χ 2 only slightly higher than the smallest value. The smallest signal-to-noise ratio for accepted periods was 4.5. Final estimates of periods and uncertainties were found using multiharmonic analysis of variance (Schwarzenberg-Czerny 1991 , 1996 on disentangled light curves.
All of the stars that we identified, except one were classified by Palaversa et al. (2013) as RRc pulsators. We performed an additional search in which stars marked as "other"
by Palaversa et al. (2013) were examined. This resulted in one candidate star that was examined in detail, and an RRd interpretation was confirmed. No double-mode pulsator with the 2O mode excited was found. The light curves of RRd stars were prewhitened with both modes, and the periodograms were calculated once more, but we did not find any additional radial mode. For four stars, our selection of periods is not definite, and it is possible we selected aliases of the true periods (LINEAR IDs: 2251043, 4282396, 9142645, and 19533186) . In order to ensure our detections are correct, we have checked the variability of these stars in publicly available Catalina Real-time Transient Survey archive (Drake et al. 2009 ). The retrieved data were obtained mainly with the 0.7-m Catalina Sky We searched for previous detections of our RRd stars using SIMBAD database and found two counterparts: LINEAR ID 23713423 = J10595715+3750203 (Sokolovsky et al. 2009) and LINEAR ID 13905365 = J15160921+3200073 (Bernhard & Hummerich 2012) . We present the LINEAR ID, common name (if available), sky coordinates as well as both periods in Table 1 . The example light curves are presented in Figure 1 .
Double mode RR Lyr stars in the EROS-II LMC data
Recently, the EROS-II project presented a catalog of 117 thousand variable stars (Kim et al. 2014 ). They were selected using a machine-learning algorithm based on photometric data collected from the LMC between 1996 and 2003 using 1 m telescope.
Exposures were simultaneously taken in two nonstandard bands thanks to a dichroic beamsplitter. There are 55 thousand newly discovered variable stars in this catalog. The training set for the classifier was mainly based on the catalog of variable stars provided by the third phase of the Optical Gravitational Lensing Experiment (OGLE-III). In case of RR Lyr stars, Soszyński et al. (2009) data were used. The Kim et al. (2014) catalog contains 988 stars claimed to be RRd type stars. Out of these, 495 stars were previously published (Alcock et al. 1997; Soszyński et al. 2009 ). The remaining 493 stars may significantly increase the sample of about a thousand RRd stars known in the LMC. However, further investigation of these stars poses severe challenges; Kim et al. (2014) presented only a single period for each star, and thus these objects cannot be placed on the Petersen diagram and analyzed. In this section, we verify the existence of the second pulsation mode in these stars.
First, we checked the available OGLE photometry. The fourth phase of the OGLE Second and third column present disentangled light curves phased with 1O and F periods, respectively, and gives the periods of each star.
-8 -project presented a catalog of variable stars towards the South Ecliptic Pole (Soszyński et al. 2012) , which falls within the tidal radius of the LMC, but was not cross-matched with the EROS-II catalog by Kim et al. (2014) . We found 21 common objects, with 18 classified as RRd stars by Soszyński et al. (2012) . The sample of RRd stars from Kim et al. (2014) contains 68 Observatory (Chile) with large CCD cameras. Almost all the data were collected with an I-band filter, and only these are analyzed here. For more details, see Udalski et al. (2008) and Soszyński et al. (2012) . The number of epochs for an individual star varies between 115 and 1016 with median of 370. The median detection limit for the secondary period was 0.039 mag (at signal-to-noise ratio of 4.5). Each star was examined in detail, and in only one case (OGLE-LMC-RRLYR-22133 = lm0221n9969) was a bona fide RRd star revealed.
Second, the EROS-II nonstandard B-band light curves from Kim et al. (2014) were examined. There are between 163 and 630 epochs (median of 480). The median detection limit for the secondary period was higher than in the case of the OGLE data, and was equal to 0.046 mag. We were looking for particular type of variability, and the number of objects investigated was low enough to allow a case-by-case study. Our investigation confirmed 350
RRd stars, bringing the total number of these objects in the LMC to 1354. The full list of confirmed objects is presented in the online material, while a partial example is shown in Table 2 .
Except the bona fide RRd stars, we found secondary periods in eight other objects (Table 3) Soszyński et al. 2008) . Note that only 10 triple-mode Cepheids were previously identified (Moskalik et al. 2004; Soszyński et al. 2008 Soszyński et al. , 2010b Soszyński et al. , 2011b . The presence of the three radial modes in one star gives strong constrains on pulsation model (Moskalik & Dziembowski 2005) . The interpretation of seven other stars identified in Table 3 is less clear. Period ratios for some of them are close to expected for RRd stars, but their position on the Petersen diagram differs from expected. They may be nonradial pulsators (Dziembowski & Cassisi 1999) . Some of the seven stars may be either δ Sct type pulsators or classical Cepheids. We note that there is no star that has both a 1O and 2O mode present and is securely identified as an RR Lyr type star (Olech & Moskalik 2009 ).
The observational distinction between the shortest-period Cepheids and the longest-period -10 -RR Lyr and δ Sct stars should be addressed.
We checked the OGLE-III classification of RRd stars confirmed in the EROS-II data. Two discrepant objects were found. The first has already been mentioned:
OGLE-LMC-RRLYR-22133 = lm0221n9969, which turned out to be an RRd not recognized in the OGLE-III catalog. The second object is more interesting: lm0575m5221 = Figure 3 . We see that in EROS-II data (points with uncertainties larger than 0.15 mag were removed) the amplitude of variability increases with time. The OGLE data show a small increase of amplitude at the beginning, followed by period of steady amplitude. EROS-II data were divided into four separate chunks and checked for periods present. In each of them, we independently found two periods about 0.3780 d and 0.5085 d.
Their ratio is 0.7435; thus, the first is 1O mode and the second is F mode. The amplitudes of both modes as a function of time are presented in lower panel of Figure 3 . We see a constant amplitude of 1O mode and a fast rising amplitude of the F mode. The end of the EROS-II data overlaps with the first two years of the OGLE-III data. However, in these data we cannot find the 1O mode, even though some changes in the light curve are seen.
The amplitudes of RR Lyr stars are smaller in longer wavelengths, which probably makes the 1O amplitude below the detection limit in the I-band. Soszyński et al. (2009) classified this object as RRab, but we now see this is in fact mode-switching star.
Based on our analysis, we can draw conclusions on the reliability of the selection of RRd stars in Kim et al. (2014) . Out of 988 stars listed 863, (i.e., 87%) are confirmed as RRd either here or in previous works. There are 1354 RRd stars known in the EROS-II LMC footprint, and 64% of them were revealed. However, in the sky area covered by both the EROS-II and the OGLE-III surveys, Kim et al. (2014) found only 50% of the RRd pulsators. For each star, they also provided the probability that variability class is assigned Black marks show epochs that were used to divide data into separate chunks. The lower panel presents amplitude changes of both modes. The time axis of both panels are aligned. -13 -properly (class probability), which was estimated based on statistics returned by a random forest classifier run on EROS-II data (for details see sec. 3.4.1 in Kim et al. 2014) . We found that mean class probability for confirmed objects is 0.86, while for unconfirmed objects it is 0.47. This means that, in general, objects with higher class probability are more likely RRd stars, but for a significant number of false positives the class probability is a high number.
F/2O RR Lyr stars in the OGLE-III LMC data
Chen et al. (2013) Table 1 ., which was suppose to give conversion between their IDs and the OGLE ones. We found the OGLE identification number based on the description of stars selection procedure, which was further verified by exact matching of periods. Removing the 0.059 mag/yr slope from these data also eliminates the secondary period.
The third star shows changes in mean brightness only in the OGLE-II data, and only for them the secondary period is present. We removed the moving average in 200 d wide bins and did not see the secondary period afterwards. The same procedure was applied to the whole light curve of the fourth star and the secondary period also vanished.
One more star claimed by Chen et al. (2013) to be a F/2O pulsator (OGLE-LMC-RRLYR-08575) has two periods, which are daily aliases of one another. As such, it cannot be considered a F/2O pulsator without independent observational confirmation. Chen et al.
(2013) also claimed a detection of secondary period for OGLE-LMC-RRLYR-13058, which resulted in period ratio of 0.693. Following Soszyński et al. (2009) we note that this star is a blend of an RR Lyr variable and an eclipsing binary. We checked that after subtracting the eclipsing variability, the putative secondary pulsation variability disappears.
Out of the eight RR Lyr stars identified by Chen et al. (2013) as showing two periods, we are left with two objects, which are OGLE-LMC-RRLYR-12967 (longer period P L = 0.5769 d, period ratio P S /P L = 0.5762) and OGLE-LMC-RRLYR-13231
The former star has a secondary period close to 1/3 d but it does not correspond to the maximum of window function and thus should be real and the star is strong candidate for the F/2O pulsator. The secondary period for the latter object was identified already by Soszyński et al. (2009) . Its period ratio is significantly larger than any other RRd star (0.726 − 0.750 Soszyński et al. 2011a ).
-15 -
Discussion
We We have verified in detail the RRd stars presented by Kim et al. (2014) . These stars are marked in the Petersen diagram ( Figure 5 ). There are no significant differences between the locations of previously known LMC RRd (gray dots) and newly revealed stars (red dots). The distribution of fundamental periods presented in Figure 6 does not show any discontinuities. We confirmed most of the analyzed stars, but many false positives were also identified. We suggest that stars should not be classified as RRd, i.e., double radial mode pulsators, based on a single period only. Our investigation of the EROS-II variables reveled two very rare examples of variable stars: one triple-mode classical Cepheid and one RR Lyr that switched from simultaneous F and 1O to pure F mode pulsations.
The RR Lyr star switching pulsation modes is only the third such star known (Kaluzny et al. 1998; Soszyński et al. 2014 ) and the one for which the largest observing material during mode changing was collected ‡ . Our analysis of the EROS-II data showed ‡ After this paper was submitted, Drake et al. (2014) claimed the discovery of six new Based on a large sample of RRd stars found in the EROS-II data and the OGLE-III photometry collected in sucessive years, we can estimate the rate of mode-switching events.
There are 497 stars common for both samples. Our search was sensitive only for stars which were classified as RRd by Kim et al. (2014) and differently by Soszyński et al. (2009) .
Mean epochs of both surveys are separated by about 5.5 yr, thus the rate of mode-switching events seems to be an order of one in 2700yr. Microlesning surveys OGLE, MOA, MACHO and EROS-II have found and monitored ≈ 1800 RRd stars in the area of the Magellanic mode-switching stars. Drake et al. (2014) presented light curve of one of these stars and this is certainly not a star switching between two radial modes as suggested by these authors,"
One example presented in the paper is certainly not a star switching between two radial modes as suggested by Drake et al. (2014) , because the periods are very similar instead of being close to ratio of 0.745, 0.80 or the product of the two. The cause of significant amplitude changes and small period changes in this particular object is most probably a Blazhko-like effect. For similar example, see OGLE-BLG-RRLYR-07011 in Soszyński et al.
(2011a). We do not include six Drake et al. (2014) objects into mode switching RR Lyr stars sample.
-20 -Clouds and the Galactic bulge. These stars have ≈ 15 yr long light curves collected with just a few different instruments setups, which makes this sample very well situated for a detailed search of mode-switching objects. Such a search should reveal about 10 objects of this type. Another ≈ 45, 000 known RRab and RRc stars in this sky area can also be searched for mode-switching phenomena.
During our analysis, we had to cope with daily aliases, and the ambiguity caused by them was not fully resolved. Similar problems were faced when we reanalyzed the periods detected by Chen et al. (2013) . We note that special care has to be taken to check if the secondary periods of the RR Lyr stars are not caused by daily aliases. 
A. Comments on other LINEAR variables
The catalog presented by Palaversa et al. (2013) contains more than 7000 variable stars of different kinds. With growing observing capabilities, more and more variable stars are discovered, and their classification gets more and more time-consuming. In order to reduce the data from future time domain surveys such as GAIA or LSST, one has to find the automated algorithms that classify variable stars. Many of such algorithms require the training set of classified variables. Such a set should be as clean as possible. We have -21 -visually examined selected variables presented by Palaversa et al. (2013) and found that, for a significant number of them, the classification or periods can be corrected. We present our findings in Table 4 with the primary goal of allowing training the algorithms on clearer samples. The first six columns of this table (LINEAR ID, coordinates, brightness, period, type) come from Palaversa et al. (2013) . The last two columns present period derived by us and the type of variability, which resulted from visual inspection of the light curve. For double-mode SX Phe or δ Sct pulsators, we also present their periods. We note that seven dwarf novae with GCVS identifications were presented by Palaversa et al. (2013) . In order to make access to their photometry easier, we list their cross-identifications: 1913172 = QZ Vir, 6660642 = GZ Cnc, 10136638 = CR Boo, 17146068 = X Leo, 17301605 = RZ LMi, 17388042 = ER UMa, and 22107778 = KS UMa. Periods of −9.9 d correspond to objects for which reliable period could not be found. Below, we comment on the most common problems with Palaversa et al. (2013) classification and periods.
We found that for the most of SX Phe or δ Sct pulsators the light curve phased with provided period show the scatter larger than expected. The periods were recalculated, and it turned out that not enough significant digits of the period were presented. We found that Palaversa et al. (2013) truncated the periods to 10 −6 d instead of rounding them and presenting more digits. For 82 stars classified as "other", with no period provided, we were able to found the period, which in our opinion well fits to the data.
One more problem we found in the Palaversa et al. (2013) Finding the real source of variability is very hard without the access to the raw images, thus we do not fully resolve this issue. We point that similar problems are found with other -22 -stars.
B. Periods of eclipsing binaries in EROS-II catalog
We have compared the periods for 11,080 objects classified by both Graczyk et al.
(2011, OGLE-III data) and Kim et al. (2014) as eclipsing binaries. This was done before EROS-II time-series photometry was made public, but we confirmed the results presented below using EROS-II data afterwards. The histogram of period ratios is presented in Figure 7 . Only ≈ 4% of eclipsing binaries have period ratio close to unity. For 100 randomly selected targets, we verified the claimed periods, and in each case the period provided by eclipsing binaries identified in Kim et al. (2014) , which is 36% of their catalog of variable stars.
Class probabilities for eclipsing binaries group around 0.4 instead of unity. We found the cause of this discrepancy. Kim et al. (2014) used orbital periods to train the classifier, but the periods used as input for classifier were not orbital ones, as was shown above. For star with similar periods provided by Graczyk et al. (2011) and Kim et al. (2014) , we found median class probability of 0.77. We expect that well-calculated periods would increase the a separate star with OGLE ID and both periods given above the panels. The stars in last two rows were presented in Fig. 7 of Kim et al. (2014) . Reference epoch (t 0 ) was taken from Graczyk et al. (2011) , shifted by 1/4 of the period and used in both panels of each row. 
